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Introduction {#s1}
============

Hematologic and solid tumors are associated with hypercoagulability, the reason for which has not been delineated. Malignant cells are known to directly activate blood coagulation by producing procoagulant, fibrinolytic, and proaggregating factors, releasing proinflammatory and proangiogenic cytokines (such as TNF-α, interleukin-1ß); and interacting directly with host endothelial cells, leukocytes, and platelets, via adhesion molecules [@pone.0109648-Blom1]. However, the precise procoagulant proteins that stimulate tumorigenesis are as yet unknown [@pone.0109648-Blom1], [@pone.0109648-Trousseau1], [@pone.0109648-Blom2], [@pone.0109648-Blom3], [@pone.0109648-Sorensen1]. Blom et al observed the highest risk of venous thromboembolism (VTE) among patients with hematological malignancies (odds ratio 28), followed by lung cancer (odds ratio 22) and gastrointestinal cancer (odds ratio 20) [@pone.0109648-Blom2]. Consistent with these findings is that deep vein thrombosis originating in the lower limbs was the most common form of thrombotic disease in adults with acute lymphatic leukemia (38.9%) [@pone.0109648-Blom2], [@pone.0109648-Caruso1]. Lymphoma is the most common blood cancer. Non-Hodgkin\'s lymphoma (NHL) encompasses a heterogeneous group of malignancies, in which approximately 85--90% of lymphomas are derived from B lymphocytes. Wide variations exist in disease histology, biology and in the clinical approach to each lymphoma subtype [@pone.0109648-Shankland1]. The annual incidence of B-Cell lymphoma is estimated at 15--50 cases/100,000 [@pone.0109648-Fisher1] and it comprises the most common group of hematologic malignancies [@pone.0109648-Smith1]. The staging and prognostic stratification of patients with lymphoma is generally based on clinical scores such as the International Prognostic Index (IPI) [@pone.0109648-XX1], [@pone.0109648-Geisler1], [@pone.0109648-SolalCeligny1]. The response to therapy is also based mainly on clinical assessment tools such as positron emission tomography [@pone.0109648-Cheson1]. Thus, novel biomarkers that may assist in diagnosis and assessment of response to therapy are eagerly anticipated.

Among the suggested candidates is cell membrane-associated protein, fibrinogen-like protein 2 (FGL-2), a member of the fibrinogen family of proteins [@pone.0109648-Ning1]. Previous studies have reported that FGL-2 was detected in tumor tissues, being overexpressed in the tumor and interstitial inflammatory cells [@pone.0109648-Su1]. However, the prothrombinase activity of FGL-2 in PBMC of cancer patients has not been studied yet.

FGL-2 (also known as FGL-2-prothrombinase) exerts serine protease activity and is capable of directly cleaving prothrombin to thrombin in the absence of factor VII or factor X. Like plasmatic prothrombinase - factor Xa, FGL-2 prothrombinase requires phospholipids, calcium, and factor Va for optimal catalytic activity [@pone.0109648-Chan1]. However, unlike factor Xa, FGL-2 is a transmembrane protein which is not inhibited by antithrombin in the presence of heparin or by other protease inhibitors that inhibit factor Xa [@pone.0109648-Chan1].

FGL-2 is expressed on the surface of activated macrophages and endothelial cells and also secreted by peripheral blood CD4+ and CD8+ T cells. The secreted protein is devoid of coagulation activity. It has potent modulatory effects on the adaptive immune system and was reported to inhibit the maturation of dendritic cells [@pone.0109648-Chan2], [@pone.0109648-Marazzi1], [@pone.0109648-Ruegg1]. The prothrombinase and immune activities of FGL-2 are located on distinct domains on the FGL-2 molecule [@pone.0109648-Chan2].

Recombinant FGL-2 protein was previously shown to induce sprouting in vascular endothelial cells [@pone.0109648-Marazzi1]. The coagulant activity of FGL-2 was first described in a murine fulminant hepatitis model [@pone.0109648-Ruegg1]. The prothrombinase activity of FGL-2 is exhibited when it is expressed in activated macrophages and endothelial cells in the form of a membrane-associated protein. FGL-2 has been shown to be associated with both experimental and human allograft rejection that was abrogated following neutralization of FGL-2 by antibodies or in FGL-2 knockout mice [@pone.0109648-Ghanekar1]. Macrophage and endothelial cell induction of FGL-2 occurs *via* interferon gamma (IFN --γ) [@pone.0109648-Hancock1]. Recently, it was reported that knock down of FGL-2 delayed tumor growth and angiogenesis in mice injected with human hepatocellular carcinoma cell line [@pone.0109648-Liu1].

In the present work we measured FGL-2 prothrombinase activity and mRNA expression in peripheral blood mononuclear cells (PBMC) of patients with B-cell lymphoma.

Materials and Methods {#s2}
=====================

Patients and controls {#s2a}
---------------------

The study group consisted of 53 consecutive patients with indolent (n = 28) or aggressive (n = 25) lymphoma who were diagnosed at the Hematology Institute, Rabin Medical Center between November 2011 and July 2013 ([Table 1](#pone-0109648-t001){ref-type="table"}). Blood samples were collected from each patient and from healthy controls (n = 145) for testing FGL-2 activity and mRNA.
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###### Patient characteristics.

![](pone.0109648.t001){#pone-0109648-t001-1}

  Characteristics                                 Aggressive lymphoma (n = 25)   Indolent lymphoma (n = 28)            All patients (n = 53)
  ---------------------------------------------- ------------------------------ ---------------------------- ------------------------------------------
  Age, median (range)                                     69 (29--83)                   65 (39--85)                         66 (29--85)
  Female, n (%)                                             12 (48%)                      11 (39%)                            23 (44%)
  Stage, n (%)[a](#nt101){ref-type="table-fn"}                                                               
  1                                                          2 (8%)                        2 (7%)                              4 (8%)
  2                                                         5 (20%)                        2 (7%)                             7 (13%)
  3                                                          1 (4%)                       8 (29%)                             9 (17%)
  4                                                         17 (68%)                      14 (50%)                            31 (59%)
  Extranodal disease                                        11 (44%)                      8 (29%)             19 (36%)[b](#nt102){ref-type="table-fn"}
  LDH (IU/L), median                                          447                           388                                 413

According to the Ann Arbor staging system.

Data was not available for extra nodal status and B symptoms in 6 patients and 26 patients, respectively.

In addition, blood samples were collected from hospitalized individuals undergoing coronary bypass surgery, who served as a model for major tissue surgery-induced injury which requires extensive generation of thrombin (n = 11). The patient charts were reviewed and epidemiological, clinical and outcome data were collected. In order to alert a possible bias between the patient and the control groups, the age and gender of each human subject was documented. Moreover, the following patients\' parameters were documented: stage of the disease, histology, lactate dehydrogenase (LDH) level, B symptoms, performance status (according to the Eastern Cooperative Oncology Group \[ECOG\] scale) and extra-nodal involvement. Patient outcomes as well as any anti neoplastic drugs administered during blood sample acquisition were also documented. Thirty two percent of lymphoma patients were tested while not being treated with anti-neoplastic drugs, 32% were tested while receiving chemotherapy and 14% received steroid prophase while being tested. No data regarding therapy were available for 11 tested lymphoma patients. In eleven B-Cell lymphoma patients blood samples for FGL-2 testing were obtained in complete remission. The study was approved by the Local Ethics Committee of the Hospital and informed consent was signed by each participant.

Mononuclear Cell Isolation {#s2b}
--------------------------

PBMC were isolated from heparinized peripheral blood and placed on sterile plastic UNI-SEP tubes (Novamed \#U-02, Jerusalem, Israel) containing a solution of 5.6% polysucrose and 9.6% sodium metrizoate (density 1.077 g/ml). The cells were centrifuged at 1000×g for 20 min at 18--20°C. PBMC were collected and washed 3 times with PBS.

Fgl-2 Prothrombinase Activity in PBMC {#s2c}
-------------------------------------

FGL-2 activity was measured by thrombin generation assay, based on that published by Ghanekar *et*.*al*. [@pone.0109648-Ghanekar1], with slight modifications. A total of 30×10^6^ cells/ml (PBMC) were homogenized by three times freezing/thawing cycles. Thereafter, 50 µl of the cell extract was mixed with human prothrombin (Stago, Asnieres, France) in a reaction buffer (20 mM HEPES, 150 mM sodium chloride, 5 mM calcium chloride, pH 7.4) to a final concentration of 10 µM prothrombin. The reaction mixture was incubated for 30 min at 37°C, followed by the addition of 125 µl cold assay buffer (50 mM Tris, 227 mM sodium chloride, 1% bovine serum albumin and 1% sodium azide, pH 8.3). After centrifugation at 17760×g for 5 minutes, 140 µl of supernatant was transferred to a flat-bottom 96-well plate, and 16 µl of 0.6 µg/ml chromogenic substrate S-2238™ (H-D-Phenylalanyl-L-pipecolyl-L-arginine-p-nitroaniline, Chromogenix, Milano, Italy) were added to each well. Thrombin generation was measured at regular intervals at 405 nm using an automated plate reader. Thrombin activity was calculated in each sample by comparison with a standard curve generated using known concentrations of human thrombin (Omrix, Jerusalem, Israel). FGL-2 activity is reflected by the amount of thrombin generated and expressed as a percentage relative to mean FGL-2 activity of PBMC of healthy controls.

### RT-PCR analysis of FGL-2 {#s2c1}

The amount of mRNA of FGL-2 was measured in PBMC by quantitative RT-PCR analysis. Total RNA was isolated using RNAqueous (Ambion \#Am1912) and RT-PCR analysis was performed using Rotor-gene RG-3000 (Corbett). The difference in cycle time (Ct) was measured by comparing FGL-2 gene with ABL-1 gene (control). The relative copy number was calculated by the formula RQ = 2^−ΔCT^.

FGL-2 ELISA {#s2d}
-----------

PBMC from lymphoma patients (n = 10) and normal controls (n = 9) were isolated and homogenized as specified above. Total protein concentration of each sample was determined using BCA Protein Assay Kit (Pierce, Rockford, USA). FGL-2 protein level was determined by ELISA using a specific FGL-2 LEGEND MAX ELISA kit (BioLegend, San Diego, CA, USA) according to manufacturer\'s instructions.

Statistical Analysis {#s2e}
--------------------

Statistical analyses were performed using SPSS ver.15.0. Square root transformation of the FGL-2 mean activity was carried out to approach normal distribution. The following statistical tests were employed: the student t-test was used to assess differences between the cohorts of control and patients FGL-2 mean values; Pearson\'s correlation was conducted to describe the association between FGL-2 activity and several variables such as age, LDH, gender, histology, extra-nodal involvement, presence or absence of B symptoms, outcome measures, stages of the disease and performance status of the patients; The Wilcoxon signed-rank test was used to assess differences in FGL-2 activity at diagnosis of lymphoma and in remission; Receiver operating curve (ROC) was generated to measure FGL-2 activity performance. A p-value of \<0.05 was considered statistically significant.

Results {#s3}
=======

The prothrombinase activity of FGL-2 was measured in PBMC by a thrombin generation assay of 53 patients with B-cell NHL ([Table 1](#pone-0109648-t001){ref-type="table"}) and 145 healthy controls. The median age of the control group (38.5 years, range 19--78) was younger than that of the patients (66 years, range 29--85), however, age did not correlate with FGL-2 activity in either patient or control groups. The patients group included those with aggressive lymphoma (23 newly diagnosed or relapsed diffuse large B cell lymphoma \[DLBCL\], one Burkitt lymphoma and one post-transplant lymphoproliferative disease) as well as patients with indolent lymphoma (15 follicular lymphoma, 4 marginal zone lymphoma, 2 small lymphocytic lymphoma and 2 Mantel cell lymphoma). Five patients had indolent B cell lymphoma not otherwise specified. Patient characteristics are shown in [Table 1](#pone-0109648-t001){ref-type="table"}.

[Figure 1](#pone-0109648-g001){ref-type="fig"} illustrates FGL-2 prothrombinase activity in PBMC. FGL-2 activity of 53 patients was compared to that of 145 normal controls. A 3-fold increase in FGL-2 activity was observed in PBMC of patients compared to that of normal controls (mean ± SEM: 306%±% versus 100%±8%; p\<0.001; median: 232% versus 83%; [Figure 1A](#pone-0109648-g001){ref-type="fig"}). There was no correlation between FGL-2 activity and age, gender, indolent versus aggressive histology, disease stage, extra-nodal disease, B-symptoms and no therapy versus steroids or chemotherapy. In addition, a correlation was not found between patient outcome and baseline FGL-2 activity levels.

![Prothrombinase activity of FGL-2 in PBMC.\
**A** - Boxplot presentation of FGL-2 activity in PBMC from lymphoma patients (n = 53) and controls (n = 145). FGL-2 activity was measured by thrombin generation assay and expressed as a percent activity relative to healthy controls. Thick line represents median activity and X indicates the mean activity. **B** - FGL-2 activity of eleven B-Cell lymphoma patients during active disease and remission. **C** - Sensitivity and specificity ROC analysis. The area under the curve is 0.817, standard error: 0.037.](pone.0109648.g001){#pone-0109648-g001}

Eleven lymphoma patients who reached complete remission following immuno-chemotherapy were also tested in remission ([Figure 1B](#pone-0109648-g001){ref-type="fig"}). In 10 out of the 11 patients FGL-2 activity decreased by a mean of 76% (ranging from 26% to 94%). In one patient, FGL-2 levels remained unchanged. There was no difference in clinical parameters or response to treatment between this patient and the rest of the group. Wilcoxon signed-rank test showed a significant post-therapy reduction in FGL-2 activity (p = 0.004).

To assess the strength of FGL-2 activity as a potential marker for active B-cell lymphoma, receiver operator curves were calculated ([Figure 1C](#pone-0109648-g001){ref-type="fig"}). Overall, the increase in FGL-2 activity over a cutoff value of 150% appeared to exhibit a sensitivity of 73.6% and specificity of 80.7% for the diagnosis of lymphoma.

To study if FGL-2 prothrombinase activity is affected by tissue damage induced by major surgery, which requires extensive generation of thrombin, we measured its activity in PBMC of patients undergoing coronary bypass surgery. The FGL-2 activity in PBMC of this cohort of patients was similar to that observed in healthy controls (Mean ± SEM, 99%±27.9%; Median, 94%; p-value versus healthy controls  = 0.97, p-value *versus* lymphoma patients \<0.001).

FGL-2 mRNA and protein levels were studied in PBMC using RT-PCR or ELISA, respectively ([Figure 2](#pone-0109648-g002){ref-type="fig"}). In contrast to increased FGL-2 activity in PBMC from lymphoma patients no significant difference in FGL-2 mRNA was observed in the PBMC of normal controls (n = 13), patients with active B-cell lymphoma (n = 12) or lymphoma patients in remission (n = 7) ([Figure 2A](#pone-0109648-g002){ref-type="fig"}). Mean±SEM and median values are: for controls −100%±31% and 59%, respectively; for active lymphoma patients −77%±24% and 53%, respectively; for patients in remission −127%±85% and 61%, respectively (p = 0.48 for lymphoma at diagnosis versus controls; p = 0.74 for active lymphoma versus lymphoma in remission). Similarly, no significant difference in FGL-2 protein levels in the PBMC was observed between normal controls (n = 9) and patients with active lymphoma (n = 10) ([Figure 2B](#pone-0109648-g002){ref-type="fig"}). Mean±SEM and median values for controls: 100%±32% and 59%, respectively; for active lymphoma patients: 99%±30% and 54%, respectively, p = 0.986.

![fgl-2 mRNA and protein levels analyses.\
Comparative boxplot presentation of fgl-2 mRNA and protein levels in PBMC of lymphoma patients and controls. **A**- Fgl-2 mRNA was analyzed by RT-PCR and determined relative to the house-keeping gene, abl-1. The mRNA levels of fgl-2 from PBMC of patients with active B-cell lymphoma (n = 12) and B-cell lymphoma in remission (n = 7) are expressed relative to healthy controls (n = 13). **B** - FGL-2 protein level was analyzed by ELISA. The protein levels of FGL-2 from PBMC of patients with active B-cell lymphoma (n = 10) are expressed relative to healthy controls (n = 9). Thick line represents median and X indicates the mean values.](pone.0109648.g002){#pone-0109648-g002}

Discussion {#s4}
==========

Up to now, increased FGL-2 expression was reported within tumor cells [@pone.0109648-Su1]. No data exist regarding FGL-2 activity or expression in PBMC of normal individuals or patients with malignancy.

In this work we measured FGL-2 prothrombinase activity in the PBMC of patients with active lymphoma or during remission, to determine whether it could serve as a potential marker for follow up of this malignancy. Indeed, prothrombinase activity of FGL-2 was found to be 3-fold higher than that of healthy controls, with sensitivity of 73.6% and specificity of 80.7% at a cutoff of 150% FGL-2 activity. The lack of an increase in FGL-2 prothrombinase activity in situation where extensive amount of thrombin is required, such as tissue injury during coronary surgery, as has been found in this work, implied that an increase activity observed in active lymphoma patient is associated with malignant process. Moreover, the observation that a significant decrease in FGL-2 activity was measured during remission of lymphoma may suggest that monitoring of FGL-2 activity may indicate the response to treatment. Taken together, our results suggest that FGL-2 prothrombinase activity is increased in active lymphoma patients and can be used as a potential marker for the recurrence of lymphoma during remission.

To date, the diagnosis of B-cell lymphoma is largely based on the pathologic workup of patients with suspicious clinical presentation. There is a deficiency of simple, non-invasive biomarkers that may assist in diagnosis and follow up of patients with lymphoma. The role of LDH as a biomarker in lymphoma has previously been explored. Published studies have demonstrated a rather low sensitivity for indolent and aggressive NHL (up to 38% and 60%, respectively) [@pone.0109648-Huijgen1]. Recently, the sensitivity of LDH in detecting relapse of patients with DLBCL in complete remission was shown to be 69% albeit with a very low positive predictive value of 14% [@pone.0109648-ElSharkawi1]. Various other hematologic, morphologic and recently described molecular and genetic markers have been studied, some of which were shown to correlate with disease biology and outcome although, the sensitivity and specificity of these biomarkers for diagnosis and follow-up are not well established [@pone.0109648-Martelli1]. In contrast to the increase in FGL-2 activity in PBMC of lymphoma patients, no increase in either mRNA or protein levels was observed. These findings may imply that the increase in FGL-2 activity measured in PBMC stems from post- translational regulation that governs final activity. While the mechanism is yet to be determined, it is already established that a linear correlation between RNA and protein expression profile is significant in a third of human genes [@pone.0109648-Gry1].

It is intriguing to assume that increased activity of FGL-2 may have a role in lymphoma. It is possible that FGL-2 plays a role in this malignancy either directly or via thrombin generation. It has previously been reported that FGL-2 was detected in tumor tissues being upregulated in cancer cells and interstitial inflammatory cells, whereas the normal tissue surrounding the tumor did not display overexpression of FGL-2 [@pone.0109648-Su1]. According to Su et al., the observed pro-tumorigenic activity is not a direct effect of FGL-2 but rather a result of FGL-2 prothrombinase activity leading to the generation of thrombin with subsequent thrombin-induced tumorigenesis [@pone.0109648-Su1]. However, the reason for the upregulation of FGL-2 in tumor cells is not clear. As yet, all the publications on FGL-2 protein/expression have reported its upregulation only in malignant cells. To the best of our knowledge, this is a first report on the upregulation of FGL-2 prothrombinase activity in non-malignant PBMC of lymphoma patients. If our findings are confirmed by other studies, the assay of FGL-2 activity in PBMC could be used as a marker for follow up of B-cell lymphoma.
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